Amorphous carbon nitride films have been obtained by pulsed cathodic arc at substrate temperatures of 20, 100, 150 and 200 °C. were identified in all films. As the temperature increased a reduction in the concentration of sp 3 bonds and a decrease in the structure disorder were observed. The relative intensity ratio of Raman D and G bands increased as the substrate temperature increased from 20 to 100°C. Nevertheless, at a critical temperature of 150°C, this trend was broken, and the film became amorphous. A peak at approximately 1610 cm -1 of films grown at 100°C, 150°C and 200 °C suggests that CNx is dominated by a relatively ordered graphite ring like glassy carbon. Moreover, the film grown at 150 °C presented the lowest roughness and the highest hardness and hemocompatibility.
Resumen
Se obtuvieron películas delgadas de nitruro de carbono amorfo empleando arco pulsado y variando la temperatura del sustrato a temperatura ambiente, 100, 150 y 200 °C. Los enlaces de las estructuras se investigaron empleando la técnica de espectroscopía infrarroja por transformada de Fourier (FTIR) y espectroscopía Raman. Se identificaron bandas de nitrilos en aproximadamente 2200 cm -1 . Se observó una reducción en la concentración de los enlaces sp
Introduction
Surface coating is an effective method to improve the durability of materials used in aggressive environments [1] [2] [3] . The search for hard materials has pointed to carbon nitride films because investigations have predicted that the hardness of the β-C3N4 structure is high, even comparable to that reported for diamond [4] . In fact, studies of this hard structure have been extended to amorphous carbon nitride films. Amorphous carbon nitride coatings exhibit optimal biocompatibility [5] , electronic [6] and mechanical properties [7] ; therefore, these films are very attractive for many applications. Several deposition methods have been used to prepare carbon nitride (a-C:N) films, such as sputtering and arc deposition [8, 9] , among others. Using continuous or pulsed arc discharges, a-C:N films are easy to grow because arc discharges are an efficient way to ionize nitrogen gas to produce free N+ such that nitrides can be easily formed. One problem commonly faced when producing films by vacuum arc discharge is the generation of nanoparticles. Hakovirta et al. [10] carried out a study on carbon-based thin films with a pulsed vacuum arc system with and without particle filtering. In their final remarks, the researchers concluded that the surface of the coatings produced with the unfiltered system is quite rough, but in many applications, the original surface of the sample is even rougher. Moreover, the high production rate and simplicity of the system without filtering relative to the characteristics of the filtered system are great advantages. On the other hand, substrate temperature, TS, is recognized as a key parameter influencing the composition of CNx films and also the bonds within such films [11] ; several investigations have shown that high substrate temperatures encourage the formation of a crystalline phase, whereas low temperatures could cause amorphous structures to develop in the films. The results obtained by Chen et al. indicated that higher substrate temperatures could promote the formation of a C3N4 phase [12] . Fuge et al. observed that CNx films deposited at low TS are amorphous, and CNx films grown at higher TS tend to be increasingly nanocrystalline [11] . In general, some properties such as stress and roughness were found to be strongly dependent on the deposition temperature, changing the film structure (sp 2 and sp 3 bonds) above a certain transition temperature. This critical temperature normally depends on the deposition system. For instance, Zhou et al. [13, 14] produced CNx coatings by the vacuum cathodic arc method varying the substrate temperature. They found that at 200°C, the films properties changed drastically. One of the main goals of this study was to find the most suitable deposition conditions, particularly the optimal substrate temperature, for producing CNx coatings with the highest sp 3 /sp 2 bond ratio, keeping in mind further applications of these films as hard coatings or biocompatible coatings. To this end, the coating structures were analyzed as a function of substrate temperature. Spectroscopic characterization techniques such as Fourier transform infrared spectroscopy and Raman scattering can provide valuable information about the structural properties [15] .
Thus, the aim of the present paper is to report the growth of a-CNx films prepared by the unfiltered pulsed vacuum cathodic arc technique. Moreover, studies on the effects of substrate temperature on the structure of carbon nitride thin films were conducted. Spectroscopic techniques were used to characterize chemical bonds and the modifications to the films' microstructure.
Experimental setup
The experimental setup is presented in Fig. 1 . The equipment used to produce the coatings was a noncommercial reaction chamber made of stainless steel. Figure 1 . Experimental set up that includes electrical and gas systems. The reaction chamber contains the electrodes (anode and cathode). Source: The authors Double-sided electrodes were placed in this chamber. A highpower supply designed to generate pulses with different active and passive times was used to produce an arc discharge between the electrodes. The inter-electrode pulsed voltage can be varied from 0 to 280 Vrms (root mean square voltage) with a 150 A maximum working current, depending on the experiment. In this case the work voltage used was 240 Vrms. The active time is limited by the minimum necessary value for arc ignition under given working conditions, such as target material, working gas and pressure. The inactive arc time can take any theoretical value; nevertheless, it is necessary to take into account that the minimum value is subjected to the arc extinction time under the given working conditions (mainly the target material and the working gas) [16] . The heating system was placed inside the anode to make it possible to heat the substrate in-situ. Carbon nitride films were produced using a graphite target of 99.999% purity that measured 2.00 cm in diameter and 0.250 mm in thickness. The deposition conditions were as follows: four arcs, 1 s active time, 2 s inactive time, 11.7 mm distance between electrodes. Nitrogen was used as the working gas at a pressure of 260 Pa. The substrates were 316L stainless steel disks that measured 2 mm in thickness and 12.7 mm in diameter. These substrates were previously polished using sandpaper with grit sizes ranging from 60 to 1500. Finally, acetone was used to eliminate impurities. Additionally, a KCl crystal measuring 2 mm in thickness and 12.7 in mm diameter was used as the substrate where coatings were grown to carry out the FTIR analysis.
The substrate holder (anode) was heated by a resistance coil below the holder. During the deposition, the substrate temperature was maintained at RT, 100 °C, 150 °C and 200 °C. This range of temperature was chosen according to a previous work reported by our group, where at values close to these, coatings presented a good performance [17] . After deposition, a vacuum pressure up to approximately 10 -2 Pa was reached, allowing the sample to cool until reaching room temperature. The system is well described in previous works [16] .
IR transmission measurements were performed using a Perkin Elmer BXII FTIR spectrometer over the wave number range 400-4000 cm -1 . A 4-cm -1 spectral resolution was used for all measurements under normal conditions. Raman scattering measurements were carried out using the 473-nm line of a DPSS laser operating at 5.5 mW in the 900-1900-cm -1 region with a LabRam HR800 Horiba Jobin Yvon instrument. The spectra were deconvoluted with the Grams 32 program. For structural characterization, scanning probe microscopy (SPM) was used in the atomic force microscopy (AFM) mode. For this characterization, a Park Scientific Instruments Autoprobe CP with probes made of silicon and ProScan image-processing software were used. To obtain topographic images of the films in AFM mode, a cantilever probe of silicon nitride (Si3N4) with a spring constant of 0.16 N/m was used under environmental conditions with a scanning speed of 1 Hz and image resolution of 256×256 pixels. The measurements were taken at 60% relative humidity and 24 °C. These analyses were performed by capturing five images from different sites on each coating and averaging them. The films' hardness was also obtained with the SPM equipment. Small forces (applied over distances on the order of nanometers) with a precision of 0.2 nN were used. Platelet-adhesion in vitro tests were performed on the CNx films obtained at various TS. Blood was taken from a healthy adult and collected in sodium citrate as an anticoagulant. First, the blood was centrifuged for 6 min at 5500 rpm, and approximately 1 ml of lighter substances was separated from the blood plasma. Then, the remaining material was centrifuged again for 5 min at 2400 rpm, allowing for the extraction of the platelet-rich plasma (PRP). Samples were immersed in the PRP and incubated at 37°C for 120 min; afterward, the samples were rinsed with a 0.9% NaCl solution to remove weakly adherent platelets and then fixed in 2% glutaraldehyde.
Environmental scanning electron microscopy (ESEM) was used to study the quantity and morphology of the adherent platelets, after which the films' thrombogenicity was evaluated. Photographs of the platelets were taken randomly and the thrombogenicity results were correlated with the films' roughness and microstructure.
Results and Discussion

FTIR Analysis
In Fig. 2 , the FTIR spectra show bands between 2000 and 2300 cm -1 . These bands were curve-fitted, and two Gaussian contributions were found. The results obtained are summarized in Table 1 . High-energy contributions attributed to nitrile terminal groups -C≡N [18] and low-energy vibration modes involving terminal groups such as carbodiimides, -N=C=N- [19] can be seen. In addition, the low-energy vibrations also induce a stretching phase located in the spectral range Table 1 FTIR energy bands of CNx films at various substrate temperatures. For this method Io is approximately obtained drawing a straight line between the points of lower transmission placed at each side of the maximum, and I is the intensity of the maximum [21] . Table 2 presents the relative concentration of sp2 (C=N) and sp1 (C≡N) bonds as the sp2/sp1 ratio. At low temperatures, sp1 bonds prevail over sp2(sp2/sp1<1) because the total energy of the structure after a single N substitution for sp2 formation is, on average, 1 eV higher than that for sp1 formation [22] ; nevertheless, this tendency ceases at TS=150 °C, possibly because TS provides sufficient energy for sp2 formation, producing an increase in the sp2/sp1 ratio; however, at 200 °C, the sp2/sp1 ratio decreases again because the adatoms mobility increased.
A great part of the energy is expended in moving the adatoms and not in forming sp2 bonds. The spectral region between 1850 and 850 cm-1 reveals C-C, C=C, C-N and C=N bond contributions. Fig. 3 shows the spectra for this region with varying TS. A Gaussian deconvolution with a linear background was carried out in this region, and the energy-band positions are listed in Table 1 . Several spectral differences depending on TS can be highlighted. At RT, 100 °C and 150 °C, a well-defined fit can be achieved using four Gaussian contributions. Nevertheless, for the sample grown at 200 °C, one more peak is added to attain a suitable deconvolution. The bands ranging between 1650 and 1600 cm-1 have been attributed to C=N stretching [23] . According to Hammer et al., these configurations are bonded mainly to the aromatic cluster edges [23] . They may also be associated with pyridine vibrational modes, with bands around 1620-1560 cm -1 [24] . The decrease in the energy as the temperature increases is attributed to changes in the films' microstructure caused by the heating process. The band at approximately 1407 cm-1 may have been produced by sp3 C-C [25] . The bands ranging from 1300 to 1139 cm-1 are reported to be due to C-N simple bonds [26] . An increase in the vibrational energy as Ts increased was observed. These results are consistent with an increase in the degree of ordering of the C-N clusters [27] . For films grown at 200 °C, the band located at approximately 1050 cm-1 could be attributed to C-N vibrations [16] or C-O stretching, which can be found in the range between approximately 1160 and 1080 cm-1 [28] . Moreover, an analysis of the relative concentration of sp3 (C-N) and sp2 (C=N) bonds in the films as a function of TS was carried out. These values are shown in Table 2 . In this table, an increase in the concentration of sp3 C-N bonds in the case of the film grown at 150 °C was observed. At this temperature, aromatic amines and C-N bonds are formed, which are more thermodynamically favorable. This increase could explain the shift of the phenyl radical toward high energies with respect to the phenyl species in the other films. Fig. 4 shows the Raman spectra of the CNx films with varying TS. Gaussian deconvolution with a linear background for frequencies between 1000 and 1850 cm-1 was carried out. To attain a better fit, four bands were employed. The positions of the D (disorder) and G (graphite) bands, their broadening and their intensity ratio ID/IG for each film are summarized in Table 3 . The increase in the ID/IG ratio as the temperature increases suggests graphitization by heating, including an increase in disorder in the ring angles and lengths. Because the shift in the G band toward higher frequencies is accompanied by an increase in the ID/IG ratio. There may have been an increase in the size or number of sp2 domains. This shift is only observed when six-fold aromatic rings are present [29] . The shift in the D toward higher frequencies suggests the densification of the sp2 ringed structure in the lattices. The increase in the ID/IG ratio, widening of the D-peak and narrowing of the G-peak are caused by increase of the graphite-like component in the amorphous carbon films [30] . Capelli [31] demonstrated that higher ID/IG ratio and narrower G are associated to the carbon configuration changes from an amorphous mixture of sp carbon bond angle distortion [32] . This behavior increases the disorder and decrease the graphite-like structure in the crystalline region of the film. The N peak is visualized between the D and G bands as shown in Fig. 4 . This peak is due to N=N stretching vibrations when N is bonded to a carbon ring, particularly one of the C-N=N-C benzene type [33] . The N=N stretching frequencies vary between 1400 and 1500 cm -1 depending on the site replaced by carbon. This is also correlated with the degree of symmetry breaking [34] . An increase in the IN/IG area ratio was observed as a function of the substrate temperature, as is shown in Table 2 . The N incorporation in films grown at RT, 100°C and 200°C could benefit the formation of aromatic clusters. Nevertheless, the increase in the nitrogen content of the films produced at 150°C could favor the formation of pyridine rings, which blocks cluster growth. Furthermore, an increase in the number of -C≡N nitrile bonds may occur at 150°C because as terminal groups, they prevent the growth of graphitic clusters. This assertion is supported by the relative concentration ratio CC≡N/CC=N shown in Table 2 . The increase in the number of N=N bonds may indicate that the films contain large amounts of nitrogen, implying that as the substrate temperature rises, the nitrogen concentration increases. The substrate temperature favors the atomic surface migration of C and N species, accelerating chemical reactions between different species and increasing the nitrogen concentration [35] . The nitrogen concentration decreases again at 200 °C. This behavior can be attributed to the fact the C and N species can be desorbed at this TS. The subsequent drop in nitrogen content at 200°C, as shown in Table 1 , may be due to an increase in the desorption of some volatile species, such as C2N2 and nitriles [35] . Moreover, higher substrate temperatures are unfavorable for the incorporation of morevolatile species such as CN [36] . The transition to a more crystalline phase as the substrate temperature increases may be caused by a relaxation process in the film structure provoked by the heating treatment. This relaxation may also be related to the desorption of N species observed in this film because the desorption of N atoms from the rings can cause C atoms to take their place, thereby stabilizing and relaxing the structure. Each spectrum contains a peak beyond1600 cm -1 . This finding may be related to the D peak of glassy carbon, which corresponds to C=C stretching in aromatic rings [37] , indicating that the films have a higher tendency toward graphitization. The increase in the TS caused the frequencies to shift toward higher values due to changes in the films' microstructure because of the heat Figure 5 . XPS spectrum of the C 1s peak obtained for the coating produced at room temperature. Source: The authors treatment. Fig. 5 shows the XPS C1s spectra of the CNx film grown at TS=150 °C, presenting several components. This spectrum was decomposed into three components fitted with Gaussian functions by approximating the background contribution using Shirley's method.
Raman Analysis
The first component peaked at 284.6 eV corresponds to sp 2 carbon bonds, the second one at 285.5 eV is related to sp 3 carbon bonds and the fourth component at 287.5 eV comes from C-N bonds [38] . This result corroborates the presence of carbon linked nitrogen. N/C atomic percentage depending on TS was included in Table 2 . Similar to Raman spectroscopy results, the nitrogen percentage increases as the substrate temperature rises.
AFM Analysis
AFM images were obtained for various TS, as shown in Fig. 6 . Irregular surfaces with poor uniformity and agglomerations were observed. The film thicknesses remained within the same order of magnitude (approximately 450 nm). According to Figs. 6 (a) and (c), the films grown at RT and 100 °C presented small grain sizes, in the order of 300 nm, compared with the films produced at 150 °C and 200 °C that exhibit values of around 800 nm, as is shown in Figs 6(e) and (g). Although CNxcoating morphologies characterized by small grains have been reported by several authors [39] , the coatings produced in this work exhibited different behavior because the films' morphology depends on many factors, such as the growth parameters and technique and the chemical composition.
The roughness and thickness of films grown at different TS were measured and are listed in Table 4 . Films grown at RT, 100 °C and 200 °C presented high roughness and low thickness, in agreement with values reported by other researchers [36] . 
Hardness
On the other hand, there is a relationship between the chemical composition and the nano-hardness of the films. The results presented in Table 4 show that the film grown at 150 °C exhibited the highest hardness and the highest sp 3 /sp 2 bond ratio. According to the literature, the hardness of carbon-based films is determined by the existence of sp 3 -hybridized C bonds. The highest hardness, which was exhibited by the film grown at 150 °C, can be explained by the disorder induced by the sp 3 bonds between the aromatic layers. These bonds can exist if the distance between the layers is shorter than the interplanar distance of graphite, as dictated by van der Waals interactions. These bonds produce structure densification, compaction and ultimately greater hardness [41] .
ESEM Analysis
Platelet adhesion on the CNx films obtained at various TS was analyzed by the ESEM technique, as shown in Figs. 6 (b), (d), (f) and (h). On films grown at RT, 100 °C and 200 °C, the platelets showed a high degree of spreading and attained activation. They linked together and formed aggregations. However, the coating obtained at 150 °C showed poor platelet adherence. Moreover, on this coating, the platelets remained inactivated, without exhibiting pseudopodia, and they remained almost isolated. The hemocompatibility was observed to improve as the films tended toward graphitization, as shown for the film grown at 150°C (the highest ID/IG ratio and nitrogen concentration). High N content delays clotting and defers platelet activation. This film was the most blood-compatible, presenting the fewest adherent blood platelets and lowest level of platelet aggregation [42] . Among the plasma proteins, fibrinogen is regarded as the key protein that triggers platelet adhesion, activation and aggregation. Subsequently, coagulation factors are released, initiating the coagulation cascade and the eventual formation of a thrombus. In addition, the hemoglobin, platelet and a few plasma proteins in blood tend to be negatively charged. Usually the material surface with more unsaturated bonds in electronegativity has better thromboresistance according to the principle of same electric charge mutual repulsion. In the case of CNx coatings, they include sp 2 C\N and sp 3 C\N bonds at the surface and polarize the surface due to the difference in electronegativity between carbon and nitrogen [43] .
Conclusions
The CNx films were obtained with the pulsed cathodic vacuum arc method at several substrate temperature. FTIR spectroscopy analysis indicated the formation of carbonnitrogen bonds with sp 3 , sp 2 and sp 1 hybridization. The results obtained from Raman spectroscopy suggest that the deposited amorphous carbon nitride films have a graphitic structure. However, at the critical substrate temperature, 150°C, the structure became more amorphous, perhaps due to the increase in the N concentration inside the lattice. At 150 °C, films exhibited the highest hardness and the highest sp 3 /sp 2 bond ratio. The hemocompatibility was observed to improve as the films tended toward graphitization, as shown for the film grown at 150°C. This film was the most blood-compatible, showing the fewest adherent blood platelets and lowest level of platelet aggregation.
